Hepatitis C virus uses an internal ribosome entry site (IRES) in the viral RNA to directly recruit human 40S ribosome subunits during cap-independent translation initiation. Although IRES-mediated translation initiation is not subject to many of the regulatory mechanisms that control cap-dependent translation initiation, it is unknown whether other noncanonical protein factors are involved in this process. Thus, a global protein composition analysis of native and IRES-bound 40S ribosomal complexes has been conducted to facilitate an understanding of the IRES ribosome recruitment mechanism. A combined top-down and bottom-up mass spectrometry approach was used to identify both the proteins and their posttranslational modifications (PTMs) in the native 40S subunit and the IRES recruited translation initiation complex. Thirty-one out of a possible 32 ribosomal proteins were identified by combining top-down and bottom-up mass spectrometry techniques. Proteins were found to contain PTMs, including loss of methionine, acetylation, methylation, and disulfide bond formation. In addition to the 40S ribosomal proteins, RACK1 was consistently identified in the 40S fraction, indicating that this protein is associated with the 40S subunit. Similar methodology was then applied to the hepatitis C virus IRESbound 40S complex. Two 40S ribosomal proteins, RS25 and RS29, were found to contain different PTMs than those in the native 40S subunit. In addition, RACK1, eukaryotic initiation factor 3 proteins and nucleolin were identified in the IRES-mediated translation initiation complex.
of choice to study the composition of such complexes because of the efficiency of comprehensive polypeptide analysis. In the ''Shotgun,'' or bottom-up approach (Hunt et al. 1986; Link et al. 1999; Zhou et al. 2002; Ranish et al. 2003) , the protein mixture is first digested using various proteases. The resulting peptide mixture is fractionated using liquid chromatography and subjected to MS and MS/MS. The acquired mass spectra are then used to search against translated genomic databases to identify the proteins. However, this method is sometimes limited because the peptides containing the post-translational modifications can be lost during the separation step and thus are not detected (MacCoss et al. 2002; VerBerkmoes et al. 2002) . In addition to sample losses, PTMs are difficult to determine with the bottom-up approach because there are digestion limitations, issues related to efficient LC-MS/MS detection, and in some cases, the search algorithms lacking the appropriate search parameters. Alternatively, the proteins in the mixtures can be identified using a top-down method (Lee et al. 2002; Ge et al. 2003; Kelleher 2004 ) in which intact proteins are fractionated by liquid chromatography and identified using accurate mass measurement and/or tandem mass spectrometry. Due to the greater variation of the molecular properties of the intact proteins, it is more difficult to standardize the experimental conditions conducive to separation and mass spectrometry (Chong et al. 2001; Du et al. 2004 ). Thus, a comprehensive method, which combines both bottom-up and top-down approaches, ensures that the information necessary for both protein identification and determination of PTMs can be accurately determined (VerBerkmoes et al. 2002; Strader et al. 2004) .
Initiation of eukaryotic protein synthesis requires the recruitment of the 40S ribosomal subunit to the initiation codon in a messenger RNA. In a cap-dependent mechanism, the protein translation begins with the interaction between the eukaryotic translation initiation factor (eIF) protein and the 7-methyl guanosine cap at the free 5 0 end of the mRNA. Subsequently, the 40S subunit binds at or near the cap and scans to the first AUG codon. In contrast to the majority of the cellular mRNAs, many viral RNAs contain a highly structured sequence, called internal ribosome entry site (IRES), located in the 5 0 end of the noncoding region. IRES binds directly to the 40S ribosomal subunit and initiates protein translation in the absence of many canonical eIFs (Pestova et al. 2001; Ji et al. 2004) . In order to better understand this cap-independent translation initiation mechanism, the 40S complex from human HeLa cell lysate was purified using hepatitis C virus (HCV) IRES as the affinity tag and analyzed using bottom-up and top-down mass spectrometry analysis (Lu et al. 2004) . This was compared with the proteins identified in the native 40S subunit. Only small differences in the composition of 40S proteins was found between native and IRES-bound complexes, suggesting that the IRES RNA does not selectively target a subset of ribosomes during translation initiation. However, the presence of nucleolin in IRES-containing complexes suggests a possible role of this nucleolar protein in IRES-mediated translation initiation. RACK1 was also unambiguously identified.
Results and Discussion
Top-down analysis of the native 40S subunit After lyophilization, each fraction collected off line was analyzed by FTICR-MS. A typical example of the mass spectrum acquired for one of the fractions is shown in Figure 1 . Half of the lyophilized fraction was resuspended in 79:20:1 AcN:H 2 O:formic acid, mixed with myoglobin and analyzed by FTICR-MS. The remaining sample was saved for MS/MS analysis as needed. Two charge state envelopes were observed (Fig. 1A) . After deconvolution and calibration (Fig. 1B) , one of the charge state envelopes was assigned to myoglobin and the other corresponded to a protein with a molecular weight of 26,598.471 (Fig. 1C) . This mass did not match any of the native 40S proteins suggesting the presence of a possible PTM. After searching the 40S ribosomal protein database, and considering various PTMs including loss of methionine, acetylation, methylation, phosphorylation and disulfide bond, this ion was found to match the RS3 protein minus a methionine residue and addition of an acetyl group (theoretical mass of 26,598.442). The mass error for this assignment is 1.06 ppm.
To localize the position of the acetylation and determine the site of methionine loss, the remaining half of the original fraction was resuspended in 100 mM NH 4 HCO 3 solution, digested with trypsin, and the resulting peptide mixture analyzed by FT-ICR MS. The N-terminal peptide T1 (NH 2 -MAVQISK) was absent in the digest; however, an ion at m/z 687.41 was clearly present (Fig. 2A) . The mass of this ion corresponded to the acetylated form of T1, which was also missing the methionine residue. To confirm this and further localize the modified amino acid, this ion was collisionally activated using SORI. The resulting MS/MS spectrum (Fig. 2B ) clearly indicated that T1 was acetylated at the newly formed N-terminal alanine. Fractions collected offline were treated in a similar manner such that the site of modification was determined.
A total of 22 ribosomal proteins (69% of all the RS proteins) were unambiguously identified using the topdown approach (Table 1A) . Each protein contained a modification including loss of methionine, acetylation, methylation, and disulfide bond formation. Loss of methionine is a common PTM and was observed on most of the identified 40S proteins and always from the N terminus. Using a similar strategy as shown for RS3, the following proteins were found to contain N-terminal acetylation: RS15, RS18, RS20, and RS28.
Although trimethylation and acetylation has a close mass difference, the yeast homologs of the MS identified acetylated ribosomal proteins have also been found to be N-terminally acetylated in N-terminal acetyltransferase mutation studies (Arnold et al. 1999; Lee et al. 2002) . This strongly supported the identification of acetylation for these ribosomal proteins. However, these data are not 100% conclusive for acetylation, and thus trimethylation cannot be absolutely excluded.
In addition to acetylation, methylation was observed on three human 40S ribosomal proteins. RS10 contains one methylation site, in addition to the N-terminal acetylation, while both RS12 and RS25 were found to be dimethylated and these modifications were stoichiometric. Several yeast and human ribosomal proteins have also been found to be methylated (Lhoest et al. 1984; Odintsova et al. 2003) . Disulfide formation in one of the human 40S ribosomal proteins was also detected. RS29 was found to have a mass 4 Da lower than the predicted mass and, based on the high resolution mass measurement, was assigned to contain two disulfide bonds. Although its function remains unclear, a previous study by Forbes et al. (2004) showed that Methanococcus jannaschii 50S ribosomal protein L34e also contained a PTM consisting of two disulfide bonds.
Not all of the ribosomal proteins could be identified based solely on the top-down approach. For example, assignment of the protein with the measured mass of 9413.8471 Da was complicated by the fact that it was a possible match for either RS27 with di-acetylation (1.74 ppm) or RS27a with the formation of two disulfide bonds (2.26 ppm). Similarly, several ribosomal proteins of higher molecular weight were not identified by the top-down method, and it is possible that they were irreversibly adsorbed within the porous resin during the reverse-phase separation step and thus were not detected (Lubman et al. 2002) .
Bottom-up analysis of the native 40S subunit
Bottom-up identification of 40S ribosomal proteins was performed on an LC-Q-TOF Micro mass spectrometer. The Q-TOF instrument was equipped with a dual electrospray source, which alternated between the sample channel and the internal standard channel, and the instrument was set to switch between MS and MS/MS. Real-time calibration of the MS as well as MS/MS spectra ensures high mass measurement accuracy of both the precursor ions (average mass error <20 ppm) and the fragment ions (average mass error <0.1 Da).
One typical LC-MS/MS experiment identified 31 out of 32 (97% protein coverage) possible 40S ribosomal proteins (Table 1) . Twenty-nine of the 40S ribosomal proteins were identified using three or more peptides. The only redundant hit was the RS4 protein. However, since the 40S subunit was extracted from HeLa cells, RS4 X was identified as the only possible isoform. The missing protein RS27 (MW = 9.3 kDa) has 15 basic amino acids (Arg and Lys) in its 83 amino acid sequence. It is possible that the smaller tryptic peptides were lost in the separation step and eluded identification. Whereas the top-down approach was essential for identifying the presence of modifications, the bottom-up approach gave better coverage even though most of the peptides containing the modifications were missing.
In addition to the 40S ribosomal proteins, guanine nucleotide-binding protein beta subunit-like protein (RACK1) was identified in the 40S fraction with high confidence (15 identified peptides with 57% sequence coverage). RACK1 is a cytoplasmic protein and functions as the receptor for activated protein kinase C (McCahill et al. 2002) . Immunofluorescence studies showed that RACK1 harbors a significant amount of activated protein kinase C and shuttles between different intracellular sites 
Proteins that were identified only by the bottom-up method. The other proteins were identified by both the top-down and the bottom-up method. The data presented are from single mass measurements. NF: no PTMs were found for the proteins using the bottom-up method because the modified peptides were missing. (Angenstein et al. 2002) . A previous report by Shor et al. (2003) showed that a number of ribosomal proteins coprecipitated with the immunopurified RACK1. The consistent identification of RACK1 in the 40S fraction provides direct evidence that RACK1 forms a stable complex with the 40S subunit (Link et al. 1999; Sengupta et al. 2004 ). While its function has yet to be fully elucidated, studies have indicated that RACK1 might affect joining of 40S subunit and 60S subunits. For example, a Saccharomyces cerevisiae strain lacking Cpc2, a RACK1 ortholog, shows an increased number of half-mer polyribosomes (the 43S preinitiation complexes composed of mRNA, the 40S subunit and initiation factors) relative to a wild-type strain (Chantrel et al. 1998 ). Since RACK1 binds to activated protein kinase C, it might also be related to the phosphorylation of its associated proteins and act as a modulator in the protein kinase C signaling pathway (McCahill et al. 2002) .
Top-down analysis of the HCV IRES bound translation initiation complex
The top-down method was used to analyze purified IRES-bound 40S ribosomal complexes as described above. A total of 22 40S ribosomal proteins were identified with good mass measurement accuracy. Only two of the 40S ribosomal proteins, RS29 and RS25, in the IRES pull-down complex were found to contain different post-translational modifications compared to the native 40S subunit (Table 1B) . Two 40S ribosomal proteins, RS28 and RS29, were identified in the LC fraction at 44 min separation of the IRES pulldown-40S complex (Fig. 3) . RS28 was found to be N-terminally acetylated, as found in the native 40S subunit. However, RS29 in the native sample contained two disulfide bonds, whereas it did not contain this modification in the IRES recruited sample. Another protein found to contain a different PTM in the IRES pulldown 40S subunit was RS25. RS25 was identified as being fully dimethylated in the native 40S subunit, but was present in both the mono-and dimethylated forms in the pulldown complex (Fig. 4) . Six of the 22 40S proteins identified in the pulldown sample, including RS11, RS4, RS6, RS8, RS26, and RS3A, were not identified in the top-down analysis of the native 40S subunit; however, they were detected using the bottom-up approach. Whether these six proteins have different PTMs from the native 40S complex is unknown, as identification of the PTMs using the bottom-up method was incomplete. Thus, the combination of the top-down and bottom-up approaches was essential in this particular study.
Bottom-up analysis of the HCV IRES bound translation initiation complex
The IRES bound 40S subunit was digested with trypsin and the resulting tryptic peptide mixture was also analyzed by LC-MS/MS. The identified proteins included the expected 40S ribosomal proteins, the eukaryotic translation initiation factor 3 (eIF3) subunits and the protein factors associated with the IRES/40S complex. Using the bottom-up approach, 32 of the 40S ribosomal proteins were identified in the IRES pulldown 40S subunit. Twenty-eight of the 40S ribosomal proteins were identified using three or more peptides. However, posttranslational modifications were again only identified for a small percentage of the proteins; i.e., RSP4 and RS18. This is most probably due to the fact that the proteins were modified on the N terminus, and these peptides were often missing in the digest analysis. Of all the eukaryotic initiation factors, eIF3 is the most structurally complicated and has at least 12 component proteins (Hellen and Sarnow 2001; MorrisDesbois et al. 2001) . Although the IRES can directly recruit the 40S subunit (K d = 1.9 6 0.4 nM), it also binds to eIF3 with a somewhat lower affinity (K d = 35 6 5 nM) (Kieft et al. 2001) , and it has been shown that four eIF3 subunits may interact directly with the IRES (Sizova et al. 1998) . Here, all of the eIF3 proteins, except for eIF3g and eIF3k, were identified in the IRES bound complexes (Table 1B) , which clearly indicated that it was associated with the IRES mediated translation initiation complex. However, the role that eIF3 plays in the IRES mediated translation is not fully understood. One possibility is that eIF3 may help the IRES to bind to the 40S subunits rather than 80S ribosomes. Alternatively, eIF3 may be needed to recruit other protein factors required for this cap-independent initiation mechanism (Kieft et al. 2001) .
Two additional proteins, RACK1 and nucleolin, were also identified in the IRES-associated 40S sample. Because RACK1 was previously found in the native 40S subunit, its presence was not unexpected. Nucleolin, however, was only observed in the 40S/IRES complex. Nucleolin resides primarily in the nucleolus and is involved in ribosome assembly, rDNA transcription and rRNA maturation (Ginistry et al. 1999 ). However, a previous study by Waggoner and Sarnow (1998) showed that after cells were infected with poliovirus, nucleolin translocated from the nucleolus and accumulated in the cytoplasm. The authors further showed that this relocalization event was not a consequence of inhibition of host cell translation or of inhibition of host cell transcription by the poliovirus infection. Based on these two findings, the authors raise the possibility that nucleolin may be trapped in the cytoplasm by ligands generated by the virus. Later, Izumi et al. (2001) reported that the poliovirus IRES-mediated translation was stimulated when cells were cotransfected with a plasmid encoding the full-length nucleolin. Our identification of nucleolin in the HCV IRES-bound 40S subunit shows that nucleolin is physically associated with the HCV IRES-mediated translation initiation complex. Experiments indicating the presence of nucleolin were repeated several times for both the native and the IRES-bound complexes using different preparations. Nucleolin was never observed in the native 40S sample.
Conclusions
Bottom-up and top-down mass spectrometry approaches were used as complementary methods to identify proteins from native human 40S ribosomal subunits as well as the IRES-bound complex. Although the bottom-up approach provides excellent protein coverage, in most cases it missed in the identification of PTMs. In contrast, intact protein masses measured by the top-down method readily provide information about modifications, but some proteins were not detected. Combining the top-down and bottom-up methods provides both maximum coverage and PTM identification.
All the proteins identified by the top-down method were found to contain post-translational modifications, including methionine truncation, acetylation, methylation, and disulfide bonds. RACK1 was also detected, providing direct evidence for its stable association with the 40S subunit. In addition, the presence of nucleolin in IRES-bound 40S complexes but not native 40S subunit samples suggests its possible function during HCV IRESmediated cap-independent translation initiation.
Materials and methods

Materials
The reagents used in this study, including formic acid, CaCl 2 , Mg(OAc) 2 , b-mercaptoethanol, urea, iodoacetamide, acetonitrile, myoglobin from equine heart, Tris, sucrose, EDTA, MgCl 2 , DTT, puromycin, KCl, angiotensin II, and leucine enkephalin were purchased from Sigma. Glacial acetic acid and trifluoroacetic acid were purchased from EMD and J. T. Baker, respectively. Sequencing grade trypsin was purchased from Promega. Coomassie plus protein assay reagent was purchased from Pierce.
Top-down identification of 40S ribosomal proteins
The 40S ribosomal proteins were prepared by using an acid extraction method (Hardy et al. 1969) . One volume of the 40S solution, which contained 500 mg of ribosomal proteins ($100 mL), was mixed with 0.25 volume of 1 M Mg(OAc) 2 and 2 volumes of glacial acetic acid. The solution was incubated on ice for 1 h and centrifuged at 12,000 rpm for 20 min. The pellet was resuspended and extracted by adding an adequate volume of 0.1 M Mg(OAc) 2 and glacial acetic acid. Formic acid was used in a different sample preparation in order to verify that the PTMs observed were not due to sample handling. The solution was vortexed for 10 min and centrifuged again. The suspensions were combined and injected directly onto either a 3 3 150-mm Polaris C18 column (Varian) or a 4.6 3 250-mm 214TP54 C4 column (Vydac). Reverse-phase separation was performed by HPLC (Waters) at a flow rate of 0.5 mL/min using solvent A (0.1% TFA in water) and solvent B (0.1% TFA in acetonitrile). Proteins were eluted using the following gradient: (1) 0-3 min 10% B, (2) 3-33 min 10-30% B, (3) 33-37 min 30-37% B, (4) 73-103 min 37-50% B, (5) 103-113 min 50-80% B, or (6) 113-123 min 80-95% B. Chromatograms were recorded using UV detection at both 215 nm and 280 nm. One hundred twenty fractions were collected, lyophilized using a speed-vac (Eppendorf), and stored at À80 C for further analysis by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS).
Mass spectra were acquired on a Bruker 7-tesla FT-ICR MS equipped with an Apollo (Bruker) electrospray ion source. Lyophilized samples were resuspended in 79:20:1 acetonitrile:water: formic acid. For internal calibration, equine myoglobin was added into the solution to a suitable concentration. Samples were infused into the mass spectrometer at 1 mL/min. Desolvation of the ions was performed using a $100 C drying gas and $150 V capillary exit voltage. Ions were externally accumulated in a radio frequency-only hexapole for 0.5-2 sec, and two to eight ion packets were transferred into the ICR cell for mass analysis. All samples were collected using gated trapping. Ions were detected using chirp excitation and broadband data acquisition using an average of 16-160 time domain transients containing 1024 k data points. The free induction decay (FID) spectra were zero filled, Gaussian-multiplied, and Fourier transformed. A resolution of 40,000 was routinely achieved. Calibrations were performed against equine myoglobin using the most abundant ions from four charge states. All the data were acquired and processed using Xmass v 6.0.0 (Bruker).
Tandem mass spectrometry experiments were performed by first isolating the ions of interest using correlated harmonic excitation field (CHEF) isolation sweep. Argon was then pulsed into the cell to a pressure of $10 À6 mbar and the ions were collisionally activated for 3 sec using sustained off-resonance irradiation (SORI) at 1000 Hz above the ion's cyclotron frequency.
Bottom-up identification of 40S ribosomal proteins
One hundred micrograms of 40S ribosomal proteins were denatured in buffer A (6 M urea, 2 mM b-mercaptoethanol and 200 mM NH 4 HCO 3 , pH 7.5) at 50 C for 20 min. Proteins were then alkylated by adding iodoacetamide to a final concentration of 50 mM, followed by incubation in the dark for 20 min. The urea concentration was then diluted to 2 M and 1 mM CaCl 2 was added. Trypsin was added into the solution to a final substrateto-enzyme ratio (w/w) of 50:1 and digestion was performed overnight at 37 C. The peptide mixture was desalted using an Oasis RP SPE cartridge (Waters), lyophilized, resuspended in water, and filtered with a 0.2-mm filter (Fisher). All of the tryptic peptide mixture was then subjected to LC-MS/MS (Waters) analysis. Reverse phase separation was performed at 1.5 mL/min without split on a Vydac 218MS C18 column (0.3 3 150 mm) in a 180 min gradient of 5-45% D (solvent C: 97/340 water/acetonitrile with 0.1% formic acid; solvent D: 97/3 acetonitrile/water with 0.1% formic acid).
MS and MS/MS experiments were performed on a Q-TOF micro mass spectrometer (Waters). A dual electrospray source alternated between the sample emitter and the calibrant emitter. A peptide mixture containing leucine enkephalin and angiotensin was used as the calibrant solution. The pseudo-internal calibration corrected for the effect of temperature change on the mass measurement accuracy during the entire LC-MS/MS experiment. The three most abundant multiply charged ions (+2, +3, +4) in the survey scans were subjected to tandem MS experiments. Argon was used as the collision gas. The collision energy profile applied was previously optimized for ions with different charge states (+2, +3, +4) and mass-to-charge regions. Each multiply charged precursor ion was calibrated against the doubly charged angiotensin ion (m/z 523.7751) and each fragment ion was calibrated against the singly charged leucine enkephalin ion (m/z 556. 2771).
The calibrated MS and MS/MS spectra were then used to search against all the entries of Homo sapiens in the SwissProt database using both Mascot and ProteinLynx (Waters). Several criteria were used to ensure the correct identifications of the 40S ribosomal proteins. First, 20 ppm and 0.1 Da were set as the maximum mass errors allowed for the precursors ions and the fragment ions, respectively, in identifying the protein hits. Second, if two or less peptides were used to identify a protein hit, manual inspection was performed to verify the hits.
Purification of the human 40S subunit and IRES-bound 40S complex
Samples of 40S ribosomal subunits were isolated from HeLa cell (National Cell Culture Center) lysate essentially using the method as described (Pestova et al. 1996) . Briefly, the KCl concentration in HeLa cell lysate was adjusted to 0.5 M and 20 mL of this lysate was loaded onto a 45-mL sucrose cushion (20 mM Tris, pH 7.5, 0.5 M KCl, 1 M sucrose, 1 mM EDTA, 6 mM MgCl 2 , and 2 mM DTT) and centrifuged in a Beckmann ultracentrifugation Ti 45 rotor at 4 C at 40,000 rpm for 16 h. The 0.5 M ribosomal salt wash (0.5 M RSW) pellet was resuspended in buffer B (20 mM Tris, pH 7.5, 100 mM KCl, 2.5 mM MgCl 2 , 2 mM DTT) at a concentration of 100 OD/mL at 260 nm. Approximately 2.3 mM puromycin in buffer A was added to dissociate 80S ribosomes into 60S and 40S subunits. The ribosome suspension was incubated on ice for 10 min, and then at 37 C for 10 min. This was followed by the addition of KCl to a final concentration of 0.5 M. The ribosome suspension was then layered onto 10-50% sucrose gradient in buffer C (20 mM Tris, pH 7.5, 0.5 M KCl, 2.5 mM MgCl 2 , 2 mM DTT) and centrifuged at 23,000 rpm in a Beckmann SW28 rotor at 4 C for 16 h. The 40S subunits were recovered by fractionating the gradient and monitoring the absorbance at 260 nm. Purification of IRES-bound translation initiation complexes was performed as described elsewhere (Ji et al. 2004) . As phosphatase inhibitors were not used during preparation of the HeLa cell lysate, no information was obtained regarding possible phosphorylation sites.
